Abstract-This paper reports an implementation of Chua's circuit with a smooth nonlinearity, described by a cubic polynomial. Some bifurcation phenomena and chaotic attractors observed experimentally from the laboratory model and simulated by computer for the model are also presented. Comparing both the observations and simulations, the results are satisfactory.
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I. INTRODUCTION
The well-known Chua's circuit shown in Fig. 1 , in which the nonlinearity of the Chua's diode is described by a piecewise-linear function, has been studied worldwide since it was invented by Chua in 1983 and confirmed by computer simulation and experimental observation, respectively, [11-[41.
The state equations describing the circuit are as follows:
where g ( U R ) is a piecewise-linear function defined by
and Ro denotes the small positive resistance of the inductor'. Most interesting chaotic phenomena and chaotic dynamics can be described by this piecewise-linear Chua's equation.
Recent numerical simulations reveal, however, that not all features of a real circuit are captured correctly by this piecewise-linear circuit [6] . It is therefore desirable to realize a smooth nonlinearity described by the following cubic polynomial for Chua's circuit:
In Section II we present a practical implementation of this cubic nonlinearity. Some bifurcation sequences and chaotic attractors observed experimentally and simulated via the software INSITE are presented in Section III.
PRACTICAL IMPLEMENTATION OF A CUBIC POLYNOMIAL
The basic circuit we use to realize the cubic polynomial (3) is a multiplier circuit with a feedback loop, as shown in Fig. 2(a) . The equivalent circuit of the multiplier circuit is shown in Fig. 2 
where the factor 10V is an inherent scaling voltage in the multiplier, and vo is a dc voltage. Obviously, when w2 = u1 and 212 = v : , we obtain 1
By adding (5) and (6), we obtain the following desired cubic 
-
The circuit implementation for the cubic polynomial (7) is shown in Fig. 3 .
Note from the procedure above that any polynomial with higherorder terms and real coefficients can be realized in the same way.
By choosing the signs of the resistors RI and R I , the signs of the coefficients U O , a, b, and e can be changed, respectively.
BIFURCATION AND CHAOS IN CHUA' S
CIRCUIT WITH A CUBIC NONLINEARITY
I . Practical Implementation of Chua 's Circuit with a Cubic Nonlinearity
Since the desired L' -i characteristic of the nonlinear resistor l V~ in Chua's circuit is an odd-symmetric function with respect to origin, here we use the cubic polynomial (7) with the coefficients a0 = 0 , a < O,b = 0, and c > 0 for the nonlinearity of Chua's circuit in Fig. 1, i. e., where n < 0 and e > 0.
The practical circuit for realizing the cubic polynomial (8) is shown in Fig. 4(a) . The two-terminal nonlinear resistor .VR consists of one 6(a)-(h) . It can be noted from these observations that there is a much wider range of the bifurcation with respect to CZ, e.g., a Double Scroll Chua's attractor can still be observed when CZ increases up to 600nF, as shown in Fig. 6(g) . In this case the components of high frequencies in Fig. 6(h) are reduced, as expected. This feature will probably be of interest in sound synthesis. In addition, we do some simulations of this smooth model using the software INSITE. The periodic orbits and chaotic attractors are presented in Fig. 7(a)-(f) . Note that the simulations confirm completely our experimental observations.
w. CONCLUDING REMARKS
It is well known that Chua's circuit can exhibit a wide variety of nonlinear behaviors, it has become an attractive paradigm for experimental investigation of chaotic dynamical systems. Though most of the interesting chaotic phenomena can be described by Chua's circuit with a piecewise-linear Chua's diode, some subtle features of the real circuit may be missed by the piecewise-linear approximation. The implementation of a smooth nonlinearity with a cubic polynomial (with even higher order terms) presented in this paper contributes a robust model, with which a more complete experimental model of Chua's circuit can be used for experimental investigations. This model is robust and can be easily integrated in a chip. Furthermore, this method can also be used to design Chua's diodes with almost any smooth nonlinearity.
ACKNOWLEDGMENT
The author would like to thank L. 0. Chua for his support and helpful suggestions.
